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Abstract

Purpose of Review Brain tumor-related epilepsy is a heterogenous syndrome involving variability in incidence, timing,
pathophysiology, and clinical risk factors for seizures across different brain tumor pathologies. Seizure risk and disability
are dynamic over the course of disease and influenced by tumor-directed treatments, necessitating individualized patient-
centered management strategies to optimize quality of life.

Recent Findings Recent translational findings in diffuse gliomas indicate a dynamic bidirectional relationship between glioma
growth and hyperexcitability. Certain non-invasive measures of hyperexcitability are correlated with survival outcomes,
however it remains uncertain how to define and measure clinically relevant hyperexcitability serially over time. The extent of
resection, timing of pre-operative and/or post-operative seizures, and the likelihood of tumor progression are critical factors
impacting the risk of seizure recurrence. Newer anti-seizure medications are generally well-tolerated with similar efficacy
in this population, and several rapid-onset seizure rescue agents are in development and available.

Summary Seizures in patients with brain tumors are strongly influenced by the underlying tumor biology and treatment.
An improved understanding of the interactions between tumor cells and the spectrum of hyperexcitability will facilitate tar-
geted therapies. Multidisciplinary management of seizures should occur with consideration of tumor-directed therapy and
prognosis, and anti-seizure medication decision-making tailored to the individual priorities and quality of life of the patient.
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Introduction

Brain-tumor related epilepsy (BTRE) is a heterogenous
syndrome associated with primary and metastatic brain
tumors, accounting for 6-10% of all cases of epilepsy [1],
with an average annual age-adjusted incidence rate of 24.71
per 100,000 [2]. Due to the variability in incidence, timing,
mechanisms, and clinical risk factors for seizures across dif-
ferent brain tumor pathologies, evidence-based management
is challenging and consensus guidelines often extrapolate
data from non-tumor epilepsy syndromes. However, when
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considering seizures in the context of the natural course of
disease of the underlying brain tumor, the management of
BTRE does not necessarily involve a one-size-fits-all strat-
egy and instead requires an individualized patient-centered
approach to optimize quality of life (QoL). This approach is
supported by recent translational mechanistic data indicating
a dynamic and bidirectional relationship between hyperex-
citability and diffuse gliomas [3, 4], such that seizures are
increasingly considered as a biomarker of tumor response
rather than a passive consequence [5]. Here, we will review
these recent mechanistic clinical-translational findings,
considerations for implementing seizure activity as a tumor
biomarker, a framework for epilepsy phenotyping in the con-
text of the natural course of disease, and recent advances to
facilitate patient-centered seizure management strategies.

Emerging Interactions Between Tumor Biology
and Epileptogenesis

Recent preclinical studies in animal glioma models have
transformed our mechanistic understanding of BTRE.
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While non-synaptic glutamate release and altered ion
homeostasis in the peritumoral microenvironment facili-
tate neuronal excitability [6—8], it is now established that
glioma cells integrate with peritumoral neurons through
the development of functional neuron-glioma glutamater-
gic synapses, and that increased neuronal hyperactivity
and functional connectivity drives glioma cell prolifera-
tion [3, 4, 9]. Neuronal-derived neuroligin-3 (NLGN3) is
secreted and leads to PI3K-mTOR pathway activation and
mTOR-dependent feedforward NLGN3 upregulation in
glioma cells [10].

Variability in BTRE rates both within and between
tumor pathologic subtypes suggest the presence of intrin-
sic tumor characteristics that modify seizure risk. The most
established genetic predictor of glioma-related epilepsy is
the IDH mutation, which is strongly associated with pre-
operative seizures and in the 2021 WHO CNS tumor clas-
sification differentiates oligodendroglioma and astrocytoma
from IDH-wildtype glioblastoma [11]. IDH1/2 mutations
result in the production of 2-hydroxyglutarate (2-HG), which
may serve as an analog of glutamate in excitatory synap-
tic activation [12], as well as leading to mTOR-dependent
metabolic reprogramming [13]. Compared to pre-operative
clinical seizures, IDH mutations are not strongly associated
with persistent excessive electrographic hyperexcitability or
post-operative clinical seizures [14-16]. Indeed, about 70%
of patients with IDH-mutated glioma-related epilepsy are
seizure-free after resection [17, 18].

Somatic mutations in other cancer genes, many of which
are involved in PI3K/mTOR and MAPK pathway signaling,
have been implicated in glioma peritumoral synaptogenesis
[19], electrophysiologic hyperexcitability [14, 19, 20], and
the clinical response to anti-seizure medications (ASM) [21].
A prime example of targeting genetically-mediated mTOR
pathway dysregulation for BTRE is the superior response of
subependymal giant-cell astrocytoma and seizure control in
patients with tuberous sclerosis with the use of the mTOR
inhibitor everolimus [22, 23]. Additional pre-clinical studies
indicate the potential for novel targeted therapeutic strategies
in diffuse gliomas by inhibiting excessive mTOR pathway
activation [24, 25].

In summary, instead of seizures occurring as a passive
consequence of cortical injury by tumor mass lesions, these
recent findings indicate a dynamic bidirectional relationship
between glioma growth and hyperexcitability. Similar mech-
anisms in non-glial primary brain tumors and metastatic
tumors remain to be determined, however tumor genetic
variation is a likely contributor to epileptogenic potential
[26, 27]. Finally, there is much we do not understand about
how peritumoral hyperexcitability affects adjacent brain net-
works to impact cognitive functioning independent of sei-
zures [28], although recent data suggest that glioblastoma
cells integrate into adjacent functionally connected language
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circuits through secretion of synaptogenic factors and result
in remodeling of task-related neural activation [9].

Implementing Seizure Activity as a Tumor
Biomarker in Clinical Practice

The shared mechanistic pathways underlying gliomagen-
esis and epileptogenesis align with clinical observations of
seizure frequency correlating with tumor progression and
improving with anti-tumor treatments [29, 30]. As such, per-
itumoral hyperexcitability and clinical seizures may serve as
biomarkers of tumor status [5]. In practice, the development
of new seizures or a significant increase in seizure frequency
from baseline should prompt expedited neuroimaging for
tumor surveillance. In patients with worsening seizures on
their current ASM regimen associated with recurrent/pro-
gressive disease, it may even be reasonable to observe the
seizure response to a change in tumor treatment rather than
starting additional ASM and increasing the risk of adverse
effects from polytherapy. For example, treatment with beva-
cizumab for the first recurrence of glioblastoma is associ-
ated with improved seizure control compared to treatment
without a bevacizumab-containing regimen [31]. Under this
framework, ASM decision-making should take into account
the tumor natural history and planned tumor treatments to
optimize the balance among seizure control, medication bur-
den, and adverse effects.

There are several current limitations and knowledge gaps
in implementing seizure activity as a tumor biomarker. Self-
reporting of clinical seizure counts is highly variable by sei-
zure type and overall unreliable, in part due to the consider-
able rate of unrecognized events with impaired awareness or
occurring during sleep [32]. Furthermore, it is expected that
synaptic changes and hyperexcitability at the molecular scale
precede the development of clinical seizure activity, such
that a non-invasive measurement of peritumoral neuronal
activity would be desired. This raises the questions of what
defines clinically relevant hyperexcitability and how best to
measure it. The problem is magnified by variability in defini-
tions and methodologies used across studies to investigate
hyperexcitability, ranging from the scale of individual neu-
ronal firing to broad field potentials and network metrics.

Non-invasive measurements of field potential oscillations
by scalp electroencephalography (EEG) and magnetoen-
cephalography (MEG) are clinically available and amena-
ble to serial measurements over time, although there is little
data on longitudinal measurements over the natural course of
disease [33]. In patients with newly diagnosed IDH-wildtype
glioma, early clinical EEG hyperexcitability defined by lat-
eralized periodic discharges and/or electrographic seizures
within 1 month of resection and prior to chemoradiation
is independently associated with shorter overall survival
[34]. Post-operative MEG broadband oscillatory activity is
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increased in the peritumoral region and higher broadband
power is associated with increased NLGN3 expression and
shorter survival in patients with diffuse glioma [35-37].
These reports indicate the relevance of non-invasive elec-
trophysiologic measurements to tumor outcomes, however
standardized longitudinal assessments and definitions are
necessary to validate and implement a hyperexcitability
biomarker.

Roles for EEG in Brain Tumor-Related Epilepsy

Since the use of EEG in patients with brain tumors is cur-
rently limited to the evaluation of clinical seizures, analyses
of existing EEG data from neuro-oncology cohorts are inher-
ently biased by the clinical indication, institutional practices
in the use of EEG, and the type of studies performed. In the
United States, EEG is performed in both inpatient and outpa-
tient settings, with durations ranging from 20 min to multi-
day long-term monitoring or ambulatory recordings. The
clinical indications for EEG in the management of BTRE
include confirmation of a diagnosis of epilepsy, characteriza-
tion of seizure type and localization, evaluation for subclini-
cal seizure burden, guidance for real-time ASM adjustments,
and to stratify risk of ASM tapering versus continuation.

The diagnosis of BTRE typically does not require con-
firmation with EEG, however it may be helpful in situ-
ations where there is diagnostic uncertainty. These often
occur when patients present with atypical and non-specific
spells, in situations where neurologic symptoms are diffi-
cult to differentiate from those caused by the tumor itself or
adverse effects of treatment, as well as in cases with cogni-
tive complaints wherein subclinical seizures are suspected.
It is also important to recognize the potential for comorbid
epilepsy and non-epileptic spells. For example, in a recent
small series of patients with BTRE, comorbid non-epileptic
spells developed subsequent to epileptic seizures in all cases
and within 1 month of their tumor diagnosis in about half
of patients [38]. Patients with brain tumors may also be sus-
ceptible to seizure activity in the setting of critical illness.
In a single center cohort of all cancer patients admitted to
the ICU and undergoing either routine or continuous EEG,
27% had seizures, with an increased risk of clinical and/
or electrographic seizures in patients with brain metastases
and increased risk of electrographic seizures in patients with
primary brain tumors [39].

Continuous EEG monitoring, both as inpatient long-term
monitoring and as outpatient ambulatory recordings, are
increasingly available in the United States, in part due to the
rise of commercial EEG monitoring services that provide in-
home EEG technologist support. Continuous EEG increases
the yield for detection of electrographic seizures compared
to routine EEG in patients with BTRE and has been used
to develop a measure of hyperexcitability in patients with

glioma-related epilepsy [14, 34, 39]. In a cohort of patients
with grades 1-4 glioma who underwent inpatient continu-
ous EEG pre-operatively and/or post-operatively, hyperex-
citability defined by lateralized periodic discharges and/or
electrographic seizures was associated with clinical seizure
control, supporting the notion that hyperexcitability may be
an enduring property of certain gliomas [14]. In practice,
ASMs are often escalated for these EEG findings, however
there is limited evidence that treatment improves long-term
seizure or tumor outcomes [34, 40]. Hence, in patients with
BTRE, the benefits of aggressive treatment of highly epi-
leptiform patterns seen on continuous EEG without clinical
correlate should be weighed against potential adverse effects
of escalation of ASMs.

Variable Phenotypes of Tumor-Related Seizures
and Epilepsy

The impact of the initial resective surgery on seizure out-
comes cannot be overstated. In addition to obtaining ade-
quate tissue for pathologic diagnosis and targeted tumor
therapy, the presence of gross total resection has consistently
been demonstrated as a strong predictor of post-operative
seizure freedom. Since seizures are often the first sign lead-
ing to discovery of a brain tumor and followed soon after by
resective surgery, it is a common scenario to have a single
isolated pre-operative seizure. ASM is indicated in all cases,
however the post-operative epilepsy prognosis and optimal
duration of ASM treatment is highly variable. In the lat-
est International League Against Epilepsy (ILAE) criteria
[41], epilepsy is defined by the presence of seizure(s) and at
least 60% risk of recurrence over the next 10 years. While
the natural course of unresected or incompletely resected
tumors pose a high risk of seizure recurrence, seizure out-
comes reported after gross total resection for many tumor
pathologies indicate recurrence risks well below this 60%
threshold. In an analysis of the multicenter European Epi-
lepsy Brain Bank consortium, 76% of patients with low
grade neuroepithelial tumors were seizure-free at 5 years and
47% had completely discontinued ASMs, while in patients
with other brain tumor pathologies 68% were seizure-free
and 33% were off all ASMs at 5 years [42].

We consider the extent of resection, timing of pre-oper-
ative and/or post-operative seizures, and the likelihood of
tumor progression or recurrence to be among the most rel-
evant factors in counseling patients on the risks of seizure
recurrence to guide ASM decision-making (Table 1). In
patients with exclusively post-operative seizures and gross
total resection, the distinction between early and late sei-
zures after craniotomy may also impact seizure recurrence
risk, with early seizures occurring less than 1-2 weeks post-
operatively representing acute symptomatic seizures and a
lower risk of recurrence [43, 44]. Malignant brain tumors
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Table 1 Epilepsy phenotypes in the context of brain tumor treatment

Pre-op Post-op Post-op Prototypical pathologies

seizures® seizures tumor Tx

+ - - WHO Grade 1 Meningi-
oma, DNET, GG

+ - + Metastases, LGG>HGG

+/- + + LGG/HGG (subset)

Including early post-operative seizures within 2 weeks after crani-
otomy

DNET dysembryoplastic neuroepithelial tumor, GG ganglioglioma,
HGG high-grade glioma, LGG low-grade glioma, Tx treatment,
WHO World Health Organization

with high rates of progression or recurrence are typically
managed with radiation and/or chemotherapy; our practice
is to continue ASM for the duration of tumor treatment
and over some period of observation for tumor stability
afterwards. Newer generation targeted therapies for brain
metastases (e.g. the tyrosine kinase inhibitors, osimertinib
and lorlatinib) and diffuse gliomas (e.g. the IDH inhibitor,
vorasidenib) have demonstrated promising results, although
their impact on tumor-related epilepsy and concurrent ASM
treatment is uncertain.

A subset of patients with BTRE, including IDH-mutated
and IDH-wildtype diffuse gliomas, have evidence of per-
sistent severe electrographic hyperexcitability on the ictal-
interictal continuum and/or drug-resistant epilepsy [14].
These patients typically require multiple ASMs and frequent

use of benzodiazepine seizure rescue medications. Since
sustained seizure-freedom may be challenging to achieve in
drug-resistant epilepsy, it is critical to determine patient-spe-
cific priorities and the extent to which seizures are disabling
or bothersome to the individual and family. This will allow
for a patient-centered seizure management plan that opti-
mizes QoL by balancing the individual’s priorities regarding
seizure control, seizure-related activity restrictions or dis-
ability, and ASM adverse effects (Fig. 1). For example, an
increased frequency of non-disabling focal aware seizures on
two ASMs may be preferred to fewer seizures with excessive
daytime fatigue on three ASMs.

Anti-Seizure Medication Selection

With the exception of certain epilepsy syndromes, there
is limited evidence to support the superiority of one ASM
over another [45]. The choice of ASM in BTRE requires
many considerations similar to other etiologies of epilepsy;
decision-making is largely based on a balance of known effi-
cacy, side effect profile, and drug-drug interactions. There
are additional nuances in BTRE, particularly early in the
course of disease around the time of craniotomy, in which
tumor-related neurologic dysfunction, post-surgical recov-
ery, varying or tapering corticosteroid doses, and mood
symptoms secondary to the new diagnosis of a serious medi-
cal condition all impact ASM tolerability. After the initial
diagnosis, it is critical to minimize potential interactions of

Seizure Control

Management of side effects such as
fatigue, cognitive & mood changes

Restrictions

Avoidance of certain activities,
changing habits & work schedule

QoL

Side Effects

Accepting increasea seizure frequency

Fig. 1 Patient-centered framework for balancing seizure control, restrictions in activity, and adverse effects of anti-seizure medications to opti-
mize quality of life (QoL). Patient priorities often support compromising in certain areas and can change over the course of disease

@ Springer



Current Neurology and Neuroscience Reports (2024) 24:413-422

417

ASMs with current or future anti-tumor therapy, as well as
avoiding agents that may affect clinical trial eligibility.

There are few randomized controlled trials (RCTs) exam-
ining the efficacy of specific ASMs for BTRE. Most studies
are retrospective or observational, often limited by heter-
ogenous inclusion criteria (particularly regarding tumor
pathology and tumor-specific treatment), small numbers of
patients, variable follow-up times, and incomplete epilepsy
phenotyping [46]. Here we will focus on the most recently
developed ASMs that are increasingly used for the treatment
of BTRE in the United States (Table 2). These newer genera-
tion ASMs are typically trialed as second-line agents after
failure of first-line levetiracetam, and in combination with or
in place of lamotrigine, oxcarbazepine, or valproic acid [29].

Levetiracetam is the standard of care first-line treatment
for BTRE - in a survey of 198 neuro-oncologists, 90%
reported levetiracetam as choice for first-line of treatment,
citing efficacy and fewer adverse effects as the reasons for
their choice [47]. A small RCT comparing levetiracetam
to phenytoin for prevention of post-operative glioma-
related seizures reported similar rates of seizure-freedom
over 6 month follow-up, with fewer adverse effects from
levetiracetam [48]. Another small RCT comparing leveti-
racetam to pregabalin in patients with primary brain tumors
found similar rates of seizure control and tolerability [49].
Across non-controlled studies in glioma-related epilepsy,
levetiracetam as monotherapy has demonstrated seizure-
freedom rates of 39-96% and > 50% seizure reduction rates
of 71-100%.%

Lacosamide is a newer generation ASM frequently used
for BTRE as monotherapy or in combination with leveti-
racetam. Its mechanism of action involves enhancing the
slow inactivation of voltage-gated sodium channels. A multi-
center retrospective study that included brain tumor patients
with heterogenous histopathology showed seizure-freedom
rates of 55% at 6 months following lacosamide monotherapy,
with no significant differences in efficacy among different
histological subtypes [50]. A multicenter, retrospective study
of 139 patients with seizures in the setting of grade 2—4
diffuse glioma showed similar efficacy of lamotrigine and

Table 2 Newer generation ASMs commonly used in BTRE

lacosamide after failure of first-line levetiracetam or valproic
acid, with a cumulative incidence of treatment failure of
38% vs. 30% at 12 months, respectively [51]. As prophy-
lactic therapy, a RCT of lacosamide in patients with newly
diagnosed high-grade glioma without prior seizures was ter-
minated early after enrollment of 37 patients, in which 0/18
(0%) patients randomized to lacosamide and 1/19 (5.3%)
patients randomized to placebo had seizures during follow-
up (NCTO01432171).

Other more recently developed ASMs evaluated for
efficacy and tolerability in BTRE include brivaracetam,
clobazam, and perampanel. Brivaracetam is an analog of
levetiracetam with greater binding affinity to the synaptic
vesicle protein 2A (SV2A) target. A retrospective mul-
ticenter study of 33 patients with brain tumors of heter-
ogenous pathologies reported seizure freedom in 60% at
mean follow-up of 10 months with brivaracetam as add-on
therapy or as replacement of levetiracetam in monotherapy
[52]. A similar study of 33 patients with BTRE treated with
clobazam, a long-acting GABA-A receptor agonist, reported
seizure freedom in 30% of patients and > 50% seizure reduc-
tion in 94% at six months [53]. In an observational study of
21 patients with drug-resistant BTRE, adjunctive treatment
with perampanel, a selective glutamatergic AMPA-R antag-
onist, achieved a seizure-freedom rate of 33% and > 50%
seizure reduction in 90% at 12 months [54].

ASMs with strong hepatic cytochrome P450 (CYP)
induction effects are generally avoided in BTRE due to
the potential for drug-drug interactions and decreased
efficacy of chemotherapy, corticosteroids, and targeted
therapies [29, 55]. Table 3 summarizes common ASMs
and their hepatic CYP induction effects. Most newer gen-
eration ASMs are negligible or weak CYP inducers, with
the exception of cenobamate, a novel ASM that has shown
improved efficacy as adjunctive therapy in drug-resistant
epilepsy, but has clinically significant CYP induction
effects in a dose-dependent manner [56]. Outcomes of
cenobamate specifically in BTRE remain unclear, however
in our experience adjunctive treatment in patients with
drug-resistant glioma-related epilepsy has generally led to

Medication  Mechanism of action

Target dosing

Relevant adverse effects

Brivaracetam Modulation of presynaptic neurotransmitter

release by SV2A binding

Cenobamate  Sodium channel blockade & GABA-A receptor 200-400 mg nightly
modulator

Clobazam Long-acting GABA-A receptor agonist

Lacosamide = Enhancement of slow inactivation of voltage-  50-200 mg twice daily
gated sodium channels

Perampanel = AMPA-R antagonist 4-12 mg nightly

50-100 mg twice daily

Fatigue, possible mood changes (depression,
anxiety, irritability)

Fatigue, dizziness, disequilibrium

10-40 mg once or twice daily Fatigue, somnolence

Fatigue, dizziness, gait instability, prolonged PR
interval

Fatigue, dizziness, mood changes (agitation,
irritability)
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Table 3 ASMs stratified by degree of hepatic CYP enzyme induction

Strong inducers Moderate induc-  Weak inducers Non-inducers

ers

Carbamazepine Eslicarbazepine  Clobazam Brivaracetam
Phenobarbital ~ Cenobamate Felbamate Cannabidiol
Phenytoin Perampanel Clonazepam
Primidone Oxcarbazepine Ethosuximide
Rufinamide Gabapentin
Topiramate Lacosamide
Lamotrigine
Levetiracetam
Pregabalin
Tiagabine
Zonisamide

improved seizure frequency with dose-dependent fatigue
necessitating reduction of other medications.

Additional factors that influence the choice of ASMs
include comorbidities and idiosyncratic side effect pro-
files. The use of ASMs with potential adverse mood
effects, such as levetiracetam and perampanel should gen-
erally be avoided in patients with active mood symptoms,
in favor of agents with mood stabilizing effects such as
lamotrigine or oxcarbazepine. The use of valproic acid,
topiramate, or zonisamide may be helpful for treatment
of comorbid migraines. Topiramate and zonisamide also
may promote mild to moderate weight loss in patients
with obesity. Fatigue is the most common adverse effect
across ASMs and oversedation may be significant enough
to impair daily activities or limit participation in rehab.
Similar to non-tumor epilepsy, in our experience lamo-
trigine is the least sedating ASM and among the best toler-
ated overall as either monotherapy or in combination with
other agents. Use of once daily dosing of ASMs with long
half-lives (e.g., lamotrigine, zonisamide, perampanel) may
also improve daytime fatigue while facilitating adherence
and decreasing pill burden.

Table 4 Selected outpatient seizure rescue medications for BTRE

Management of Drug-Resistant Brain
Tumor-Related Epilepsy

In patients with uncontrolled seizures despite trials of mul-
tiple ASMs as monotherapy or in combination, a common
priority for patients and families is to avoid seizure-related
hospitalizations. While most seizures are isolated and stop
spontaneously, some patients are at risk of acute repetitive
seizures, seizure clustering, or status epilepticus. In this
context, the use of seizure rescue medications at home may
aid in preventing prolonged seizures or recurrent clustering,
seizure-related injury and complications, and avoid the need
for escalation of medical care.

Recent advances in seizure rescue medications include
benzodiazepines with intranasal drug delivery, which are
preferred due to faster onset of action and ease of adminis-
tration. Presently, intranasal midazolam and diazepam for-
mulations are the only FDA-approved therapies for seizure
clustering other than rectal diazepam. Oral benzodiazepines
are commonly used for seizure rescue but are limited by var-
iable absorption and difficulty with administration in cases
of seizures with face motor involvement, impaired aware-
ness, or convulsions. Additionally, a novel formulation of
inhaled alprazolam is currently in Phase 3 trials (Table 4).
The dosing strategies for these medications can be highly
individualized based on specific seizure types and patterns.
In patients with a history of isolated prolonged seizures or
status epilepticus, administration may be considered as soon
as possible after seizure onset, whereas for other patients
rescue medication may be administered after a second or
third seizure within a specified time period.

As in non-tumor epilepsy, surgical intervention should be
considered for patients with disabling seizures refractory to
ASMs. Resection with or without intra-operative electro-
corticography is most commonly employed [29], although
in some cases long-term intracranial EEG monitoring may
be employed to elucidate areas of seizure onset and early

Medication Route Adult dosing Comments
Midazolam Intranasal One spray (5 mg); repeat in other nostril after 10 min - FDA approved for age 12 + years
if no response - Rapid absorption
Diazepam Intranasal 28-50 kg: One spray (10 mg) in one nostril - FDA approved for age 6 + years
51-75 kg: One spray (7.5 mg) in each nostril - Rapid absorption
76 +kg: One spray (10 mg) in each nostril
Alprazolam [57] Inhaled 1-2 mg via Staccato inhaler - In Phase 3 trials (NCT05077904,

Lorazepam [58] Oral/Sublingual tablet,

Suspension

Clonazepam [59] Oral, ODT

0.5-2 mg once or twice daily

0.5-2 mg once or twice daily

NCT05076617)
- Rapid absorption
- Variable absorption

- Variable absorption

ODT oral disintegrating tablet
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spread, and facilitate functional mapping of motor, sensory,
and language cortex. In a series of patients with primary
brain tumors undergoing intracranial EEG, the seizure onset
zone extended > 1.5 cm from the radiologic tumor margin in
91% of cases [60]. Recently, laser interstitial thermal therapy
(LITT) has been increasingly used for the surgical treatment
of both brain tumors and focal epilepsy, and the technique
advanced to allow awake minimally-invasive ablation with
continuous neuropsychologic testing to preserve neurologic
function [61]. In patients who are not good candidates for
resective/ablative interventions, neuromodulation with the
use of chronically implanted stimulators may be considered
on a case by case basis. Novel strategies for placement of the
internal pulse generator [62], increased compatibility with
MRI scanners, and advances in non-invasive stimulation
technology will likely expand eligibility for neuromodula-
tion in patients with brain tumors.

Anti-Seizure Medication Tapering
and Discontinuation

As described earlier, the treatment of brain tumors with
resection and adjuvant therapies alters the natural course of
disease and decreases the risk of recurrent seizures. There-
fore, the long-term seizure risk and indication for continued
ASM is not constant, and instead is strongly influenced by
the individual’s tumor and treatment status (Table 1). All
ASM adjustments should involve shared decision-making
between the patient, caregivers, oncologist, and epileptolo-
gist. While certain factors may be predictive of seizure-free-
dom, there is a notable lack of equipoise amongst clinicians
regarding ASM tapering and withdrawal, and in one series
the clinicians’ decision to continue post-operative ASMs
was the strongest independent predictor of post-operative
seizures in multivariate analysis [63]. Prolonged treatment
(> 2 years) is often encouraged due to clinicians’ goals of
minimizing seizures, however in practice patients may also
have strong preferences to trial earlier tapering of ASMs as
a result of cost, fatigue, mood and cognitive changes, and
pill burden. In contrast, the potential risk of losing driving
privileges is a common motivation to remain on ASM. Thus,
discussions should weigh the patient-specific risks of con-
tinuing ASMs against the risk of seizure-related disability
from both physician and patient perspectives.

In a prospective trial of shared decision-making for ASM
withdrawal in patients with low-grade gliomas on observa-
tion and at least 1 year seizure-free, 65% elected to pursue
ASM withdrawal, of whom 26% had seizure recurrence
(more than half in the setting of tumor progression), com-
pared to 8% in patients with ASM continuation [64]. The
optimal timing of ASM tapering is unclear, with wide vari-
ability in practices. In a retrospective observational study
of 109 glioma patients, the risk of seizure recurrence over

3-year follow-up was similar between patients who were sei-
zure-free at the time of ASM withdrawal for 3—12 months,
12—24 months, and > 24 months, with less than half in each
group experiencing recurrent seizures [65]. We typically
continue ASMs while on active tumor treatment and con-
sider ASM tapering after 6-24 months of seizure freedom,
with a bias towards longer or indefinite therapy in patients
with subtotal resection or post-operative seizures.

Potential Anti-Tumor Effects of Anti-Seizure
Medications

Given the recent preclinical evidence for a bidirectional rela-
tionship between gliomagenesis and epileptogenesis, there
is renewed interest in determining whether certain ASMs
may be more effective than others at targeting glioma-related
hyperexcitability and improving oncologic outcomes. The
current and historical first-line ASMs for BTRE (i.e., lev-
etiracetam and valproic acid, respectively) were evaluated in
a pooled analysis of contemporary clinical trials for newly-
diagnosed glioblastoma, and neither initial nor maintenance
exposure were associated with survival outcomes [66].

The increased glutamate signaling in the glioma micro-
environment and formation of glutamatergic AMPA-R neu-
ron-glioma synapses has made the FDA-approved AMPA-R
antagonist, perampanel, an attractive target of investigation,
although there are few clinical studies to date. In a surgical
window-of-opportunity trial of patients with newly-diag-
nosed high-grade glioma with or without seizures, per-
ampanel given as a pre-operative load and levetiracetam
administered per standard of care demonstrated similar
rates of peritumoral high gamma oscillations by intraopera-
tive electrocorticography [40]. In a small series of patients
with drug-resistant glioma-related epilepsy treated with
perampanel, a reduction in tumor size was observed within
6 months in 8/9 patients, although nearly all were also on
active treatment with chemotherapy or recently completed
radiation therapy [67]. Additionally, a prior RCT of the per-
ampanel analog, talampanel, in patients with recurrent high-
grade glioma demonstrated no impact on overall survival
[68] and a phase 2 trial of talampanel in newly diagnosed
glioblastoma was inconclusive [69].

Future Directions for Targeted Therapy

The current approach to the management of BTRE involves
the treatment of clinical seizures with ASMs designed to
raise the seizure threshold and decrease the chance of recur-
rent events. The development of targeted therapies will likely
require a shift from intervening on ictogenesis (i.e. the tran-
sition from interictal to seizure state) to the prevention of
epileptogenesis. This type of proactive strategy necessitates
a more advanced understanding of the genetic and molecular
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profiles of the tumor microenvironment, and improved
hyperexcitability biomarkers predictive of both clinical sei-
zures and tumor aggressiveness. Due to the potential shared
mechanisms between tumorigenesis and epileptogenesis,
treatments targeting tumor driver mutations and pathways
may also be effective in blocking hyperexcitability.

Conclusion

BTRE is a heterogenous and dynamic syndrome that is
closely associated with the underlying tumor pathology. An
improved understanding of the interactions between tumor
cells and the spectrum of hyperexcitability in genetically
diverse tumor microenvironments will facilitate targeted
therapies. Multidisciplinary management of seizures should
occur in the context of tumor-directed therapy and the tumor
status, with the aggressiveness and choice of ASM treatment
tailored to the individual priorities of the patient and their
QoL.
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